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B MAIN POINTS B ABSTRACT

Aim: Cerebral ischemia-reperfusion (I/R) injury is an unavoidable outcome of reperfusion ther-

+ Following I/R, Increased levels of
the ferroptosis marker ALOX12 and
GPX4 suggest that ferroptotic cell
death contributes to the injury.

* The neuroprotective mechanism of
RePostC may be associated with
the reduction of ALOX12 levels and
the elevation of GPX4 levels.

» GPX4, ALOX12,LCN2, and HKIl have
been identified as novel biomarkers
and therapeutic targets for cerebral
I/R injury.

 RePostC's protective effect is linked
to the activation of internal toler-
ance mechanisms and the strength-
ening of antioxidant defenses.

apy following a stroke, initiating intricate death mechanisms at both cellular and molecular lev-
els. Comprehending the molecular pathways that result in neuronal death post-stroke is crucial
for the development of effective neuroprotective strategies. Ferroptosis is a mechanism of cell
death characterized by iron-dependent lipid peroxidation and is believed to contribute to the
damage associated with cerebral I/R injury.

Materials and Methods: Thirty male Sprague-Dawley rats were randomly assigned to three ex-
perimental groups: Control, IR, and IR*REPOSTC (n=10). Cerebral ischemia was induced using
the intraluminal filament technique for 60 minutes, and the animals were euthanized after a
24-hour reperfusion period. The femoral artery of the right hind limb of the rat underwent Re-
PostC consisting of three cycles of 5 minutes of ischemia followed by 5 minutes of reperfusion.
Triphenyl tetrazolium chloride (TTC) staining was used to measure infarct size.

Results: Compared to the control group, the I/R group showed a significant increase in glu-
tathione peroxidase 4 (GPX4) levels, while RePostC treatment significantly decreased GPX4 lev-
els. Compared to the control group, the I/R group showed a significant decrease in hexokinase Il
(HKI1) levels. The RePostC group, however, exhibited a substantial increase in these levels com-
pared with the I/R group. Levels of arachidonic acid 12-lipoxygenase (ALOX12) and lipocalin 2
(LCN2) were significantly increased in the I/R group compared with the control group. No sta-
tistically significant difference was observed between the RePostC treatment group and the I/R
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B INTRODUCTION

Stroke is one of the leading causes of death and illness world-
wide, and its incidence is rising [1]. Ischemic stroke is the
most common type of stroke, accounting for approximately
87% of cases. It occurs when blood flow to the brain suddenly
stops because thrombosis or embolism blocks the blood ves-
sels that supply it. Statistics show that more than 14 million

people are affected by this condition each year [2]. Throm-
bolysis with tissue plasminogen activator (tPA), which targets
reperfusion, and mechanical thrombectomy are the two most
common treatments for ischemic stroke. However, these
methods don’t work well enough to treat strokes [3]. Reper-
fusion can exacerbate injury in ischemic tissue, causing is-

chemia/reperfusion (I/R) injury [4]. I/R injury induces cell

https://doi.org/10.5455/annalsmedres.2025.10.309


https://annalsmedres.org/index.php/aomr/article/view/4917
https://annalsmedres.org/index.php/aomr/issue/view/169
https://annalsmedres.org
https://orcid.org/0009-0001-2579-843X
https://orcid.org/0009-0004-7033-5233
https://orcid.org/0000-0003-2099-2273
https://orcid.org/0000-0002-8916-3329
https://orcid.org/0000-0001-8311-9055
https://doi.org/10.5455/annalsmedres.2025.10.309
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.5455/annalsmedres.2025.10.309

Keskin S. et al.

death, thereby exacerbating damage to ischemic tissue. This
is followed by the infiltration of neutrophils, the accumula-
tion of reactive oxygen species (ROS), the disruption of cel-
lular ion homeostasis, and the activation of inflammatory re-
sponses [S5].

The mechanisms responsible for cerebral I/R injury are not
tully elucidated; nevertheless, emerging evidence suggests that
ferroptosis significantly contributes to this phenomenon [6].
Ferroptosis is a regulated mechanism of cell death character-
ized by iron-dependent lipid peroxidation and is genetically,
morphologically, and biochemically distinct from other forms

of cell death [7].

Extensive research in recent years has examined mechanisms
regulating ferroptosis, including the roles of iron, lipids, and
amino acids [8]. GPX4 plays a role in ferroptosis and in
amino acid metabolism by reducing lipid hydroperoxides to
lipid alcohols. This inhibits the formation of toxic lipid ROS
that are dependent on iron (Fe**) [9]. In addition to block-
ing hydroperoxide-dependent processes, GPX4 inhibits the
ALOX (arachidonic acid lipoxygenase) family. This family is
thought to be involved in the iron metabolism pathway in fer-
roptosis [10,11].

ALOX12 (arachidonic acid 12-lipoxygenase), a member of
the lipoxygenase family, is involved in pro-oxidant and pro-
inflammatory processes [12]. Nonetheless, the function of
ALOX in lipid peroxidation resulting from GPX4 deficiency
is yet to be elucidated.

Lipocalin-2 (LCN2) is an acute-phase protein that binds
siderophores released by microorganisms, thereby sequester-
ing iron. Its levels increase during infections or after various
traumas [13,14]. Research indicates that LCN2 diminishes
ferroptotic cell death [15]. Patients who have experienced is-
chemic stroke exhibit increased plasma levels of LCN2 [16].
Nonetheless, the function of LCN2 in stroke and the impact
of RePostC on LCN2 remain incompletely understood.

The enzyme that phosphorylates glucose to form glucose-
6-phosphate [17] is hexokinase IT (HK-II). This is the first
step in glycolysis. HK-II attaches to the outer mitochon-
drial membrane via the Voltage-Dependent Anion Channel
1 (VDAC1). This causes HK-II to dissociate from the mito-
chondria, leading to cell death [18]. Research indicates that
elevated HK-II expression confers neuroprotective effects in a
model of cerebral ischemia, reduces oxidative stress, and pre-
serves mitochondrial stability [19].

Remote ischemic postconditioning (RePostC) is a non-
invasive technique designed to safeguard vital organs compro-
mised by ischemia via interventions administered to remote
body regions [20]. Its accessibility and noninvasive nature
have demonstrated its therapeutic potential across numerous
conditions, encompassing ischemic neurological disorders in
the acute, subacute, and chronic phases, including acute is-
chemic stroke [21].

This study investigated the role of ferroptosis in cerebral I/R
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injury, highlighting interactions of GPX4, ALOX12, and
LCN2 with mitochondrial HKII. We also sought to clar-
ify the regulatory impacts of RePostC on GPX4, ALOX12,
LCN2, ferroptosis, and HKII at the molecular level to in-
form treatment strategies for cerebral I/R injury. Our study is
the first to show how RePostC affects the levels of ALOX12,
LCN2, and HKII. The RePostC application inhibited ferrop-
totic cell death by elevating GPX4 and HKII levels and exhib-
ited a substantial neuroprotective effect against cerebral I/R
injury.

E MATERIALS AND METHODS
Statement of ethics and animal care

The Firat University Faculty of Medicine Animal Experimen-
tation Ethics Committee (Date: 21.06.2023; Protocol No:
2023/12-07) established and approved the ethical rules gov-
erning all animal experiments. The sample size analysis, con-
ducted prior to the study using the “Web-based sample size
and power analysis software” [22], indicated that at least 18
rats (6 per group) should be included to evaluate the parame-
ters (power = 80%, o= 0.05, 3 = 0.2). To increase the power of
the study and minimize mortality from surgical procedures,
30 male Sprague-Dawley rats aged 10 to 12 weeks were used.
The rats lived in a room with a temperature range of 22 £ 1°C
and a 12-hour light/dark cycle. Animals had ad libitum access
to food and water. The study used the minimum number of
animals required, and measures were implemented to mitigate
pain and discomfort.

Groups and experimental design

The study involved weighing all rats and randomly assign-
ing them to three groups of 10 animals each: the Con-
trol Group (C), the Ischemia-Reperfusion Group (IR), and
the Ischemia-Reperfusion and Remote Ischemic Postcon-
ditioning Treatment Group (IR+RePostC). In the IR+Re-
PostC group, three cycles of S-minute ischemia followed by
S-minute reperfusion were applied to the femoral artery in the
right hind leg at the onset of reperfusion.

Initiation of the experimental cerebral ischemia-reperfusion
model

Control, IR, and IR+RePostC rats underwent occlusion of
the right middle cerebral artery (MCA) via the Koizumi in-
traluminal filament technique [23], thereby initiating a 60-
minute period of ischemia. The animals were given ketamine-
xylazine [24] to induce anesthesia, and their body tempera-
ture was maintained between 36.5°C and 37°C throughout
the protocol. The right common carotid artery (CCA), the
carotid bifurcation, and the external and internal carotid ar-
teries (ECA and ICA) were carefully exposed by cutting away
the surrounding tissues. The ECA was tied off distally, the
CCA was tied off proximally, and a temporary microvascu-
lar clamp was placed on the ICA. A 4/0 nylon filament with
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a silicone-coated tip was inserted into the ICA through a in-
cision in the right CCA. After the clamp was removed, the
filament was gently advanced until it met resistance (approx-
imately 18-20 mm), indicating occlusion of the middle cere-
bral artery (MCA). The filament stayed in place for

It was applied for an hour to induce ischemia, and then it
was taken out to allow reperfusion. The same surgical steps
were performed on the control animals, but no filament was
inserted. After the procedure, the incision was closed with su-
tures, and the animals were returned to their cages to recover.

Analysis of Western blots

We used Western blotting to assess HKII levels. Western blot
analysis of tissue HKII levels was performed using the appro-
priate antibodies. Before use, primary antibodies were mixed
with a buffer containing 0.05% Tween-20 and then diluted
1:1000. We incubated nitrocellulose membranes with pri-
mary antibodies at +4°C overnight. Subsequently, the nitro-
cellulose membranes were washed five times, each wash last-
ing five minutes, with a buffer. After washing, the nitrocellu-
lose membranes were incubated at 37°C for 90 minutes with
goat anti-rabbit immunoglobulin conjugated to peroxidase,
diluted 1:1000 in the same buffer. Lastly, the washing pro-
cess was performed five times, each lasting five minutes. We
used beta-actin for normalization.

Analyzing ELISA

The ELISA method was used to measure the levels of GPX4,
ALOX12, and LCN2. Blood samples from the experimental
groups were allowed to coagulate at room temperature for 30
minutes and then centrifuged at S000 rpm for 15 minutes to
separate the serum. The collected serum samples were stored
at-80°C until testing. Using ELISA kits from BTLab (Shang-
hai Korain Biotech Co., Ltd., China), we measured the serum
levels of the proteins GPX4, ALOX12, and LCN2 according
to the manufacturer’s instructions.

The kits were purchased with the following catalog num-
bers: GPX4 (Cat. No. YLA1783RA), ALOX12 (Cat. No.
E3428Ra), and LCN2 (Cat. No. E1434Ra).

Statistical analysis

The data were analyzed using the IBM SPSS Statistics version
21.0 (Armonk, NY: IBM Corp.) , and the results are pre-
sented as mean * standard deviation. The Shapiro-Wilk test
was used to assess normality, and one-way ANOVA followed
by Tukey’s post hoc test was used to assess differences between
groups. The correlation analysis employed Pearson’s correla-
tion test and two-tailed significance tests, with a significance
threshold set at p<0.05.

B RESULTS
GPX4

The IR group (11.57 * 0.67) had significantly higher GPX4
protein levels than the control group (7.35 £ 0.13) (p =
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Figure 1. Impact of groups on GPX4 concentrations. ****p<0.0001 when
compared to control, and ####p<0.0001 when compared to the IR group.
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Figure 2. The impact of groups on ALOX12 levels. **p<0.01 in relation
to control.

0.0003). The IR+RePostC group (7.85 * 0.13) had signifi-
cantly lower GPX4 levels compared with the IR group (p =
0.006), but there was no significant difference between the
control group and the IR+RePostC group (p = 0.30) (Figure

1).

ALOX12

The levels of ALOX12 protein were statistically significantly
higher in the IR (29.10 £ 0.45) and IR+RePostC (28.21 +
0.37) groups than in the control group (26.01 * 0.43) (p =
0.0003). No statistically significant changes were observed in
the IR+RePostC group compared with the IR group (p =
0.30) (Figure 2).
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Figure 3. The influence of groups on LCN2 levels. **p<0.01 compared
to control.
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Figure 4. Impact of groups on HKIl levels. ****p<0.0001 in comparison
to control, ##4##p<0.0001 in comparison to the IR group.

LCN2

The IR (28.79 £ 0.52) and IR+RePostC (28.09 £ 0.68)
groups had significantly higher levels of LCN2 protein than
the control group (24.70 £ 0.67) (p = 0.0018). No statistically
significant difference was observed between the IR+RePostC
and IR groups (p = 0.72) (Figure 3).

HKIT

The IR group (62.82 + 1.92) had significantly lower lev-
els of HKII protein than the control group (100.0 + 1.13)
(p<0.0001). In the IR+RePostC group (75.71 £ 1.79), HKII
levels were statistically significantly elevated in comparison to

the IR group (p<0.0001) (Figure 4).
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B DISCUSSION

This study investigated the role of ferroptosis in cellular death
pathways related to cerebral I/R injury, the protective effects
of remote postconditioning as a mechanical intervention, and
its influence on the levels of GPX4, ALOX12, LCN2, and
HKII. In the I/R group, HKII were significantly lower com-
pared to the control group, while GPX4 levels were signifi-
cantly higher. After RePostC administration, the increase in
HKII levels and the decrease in GPX4 levels were significant
compared to the I/R group. The I/R group exhibited sub-
stantially higher levels of ALOX12 and LCN2 than the con-
trol group. There was no statistically significant difference be-
tween the RePostC treatment group and the I/R group.

Ferroptosis is a regulated form of cell death characterized
by iron-dependent lipid peroxidation [25]. Ferroptosis in-
volves the iron-dependent production of lipid reactive oxy-
gen species (L-ROS), the depletion of glutathione (GSH), the
inactivation of glutathione peroxidase 4 (GPX4), the distur-
bance of cellular antioxidant equilibrium, and the consequent
accumulation of lipid peroxides, leading to cell death [26].

GPX4, an important antioxidant enzyme, reduces lipid per-
oxides by converting membrane lipid hydroperoxides (L-
OOH) to lipid alcohols (L-OH) with the help of GSH,
thereby maintaining membrane stability [27]. GPX4 lev-
els decrease during post-stroke ferroptosis, and upregulation
of GPX4 may protect neuronal function from ferroptosis-
induced damage [28]. However, Wenyuan et al. reported that
GPX4 levels increased following I/R injury [29]. Similar to
this finding, our study showed an increase in GPX4 levels after
I/R injury; however, a significant decrease was observed in the
RePostC-treated group compared to the I/R group. The in-
crease in GPX4 levels may result from an acute adaptive stress
response initiated by the cell to protect itself from ferropto-
sis caused by lipid peroxidation. In contrast, the decrease in
GPX4 levels in RePostC-treated groups is thought to be a sec-
ondary effect of the treatment’s successful reduction of early-
stage ROS production and lipid peroxidation.

RePostC. This suggests that RePostC may provide protection
against ferroptosis by modulating GPX4 levels.

Ferroptosis is a process of lipid peroxidation caused by iron ac-
cumulation via non-enzymatic Fenton reactions. ALOX en-
zymes and related enzymatic pathways are primarily responsi-

ble for this.

ALOX12 induces ferroptosis by initiating lipid peroxidation
via the Fenton reaction when Fe** levels are elevated. In our
investigation, serum ALOX12 levels increased following I/R
injury, whereas RePostC administration did not produce a
statistically significant change. The literature indicates that
ALOX12 is activated locally, especially in neuronal and glial
cells, suggesting that systemic levels may not accurately rep-
resent these intracellular alterations. Future investigations of
tissue-specific ALOX12 expression levels will enhance under-
standing of the mechanisms underlying RePostC.
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Impaired expression of LCN2 may lead to neuronal degener-
ation and cognitive dysfunction. LCN2 can exacerbate neu-
ronal injury and apoptosis through mechanisms that increase
oxidative stress and induce mitochondrial dysfunction [30].

Research indicates that LCN2 increases intracellular Fe2+
levels in neurons, thereby augmenting oxidative damage and
promoting ferroptosis [31]. Previous studies have demon-
strated that LCN2 facilitates astrocyte activation [32] and ex-
acerbates inflammatory damage in cerebral ischemia via pro-
inflammatory cytokines [33]. In our study, serum LCN2 lev-
els increased after IR injury; however, the treatment did not
produce a statistically significant change in those levels. Re-
PostC’s protective mechanism may not directly affect LCN2
expression. Serum LCN2 may not completely represent tis-
sue alterations; localized neuronal LCN2 variations may oc-
cur independently of serum concentrations.

In a model of ischemic stroke, the elimination of HK-II has
been shown to exacerbate inflammatory responses and aug-
ment cerebral damage. The pro-inflammatory effects ob-
served following deletion of HK-II are thought to be asso-
ciated with impaired mitochondrial function and accumula-
tion of reactive oxygen species (ROS) [17]. Li et al. estab-
lished an HK-II-dependent connection between hyperglycol-
ysis and neuroinflammation, proposing that selective inhibi-
tion of HK-II induction may represent an innovative thera-
peutic approach for ischemic stroke [34]. In our study, mito-
chondrial HK-II levels diminished following I/R injury. This
finding corroborates that mitochondrial dysfunction and cell
death mechanisms linked to I/R injury are activated, aligning
with existing literature on HK-ID’s role in safeguarding mi-
tochondrial membrane integrity and in energy metabolism.
HK-II levels were markedly increased in the groups receiving
RePostC compared with the I/R group. According to these
results, PostC and RePostC applications may exert neuropro-
tective effects by increasing HK-II levels.

E CONCLUSION

The rise in ferroptosis markers GPX4 and ALOX12 levels
post-I/R, suggests that ferroptotic cell death contributes to
the injury. Blocking ALOX12 and LCN2 and increasing
GPX4 levels may help prevent ferroptosis. The levels of
GPX4, ALOX12, LCN2, and HKII may represent viable tar-
gets for therapeutic intervention in cerebral I/R injury. The
neuroprotective effect of RePostC may be attributed to ele-
vated levels of GPX4 and HKII. The administration of Re-
PostC may induce endogenous tolerance mechanisms that of-
fer protection against I/R injury.
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